Rings composed of double-walled carbon nanotubes coherently packed in a triangular arrangement are observed and characterized by transmission electron microscopy (TEM) and electron diffraction. Our conclusions are based on the interpretation of the real space images obtained by TEM and on the analysis of selected area electron diffraction patterns with the help of the kinematic theory of diffraction.
Since the discovery of carbon nanotubes in 1991, 1 extensive research has been devoted to this new form of carbon, both because of their fundamental 1D properties and because of their numerous potential applications. [2] [3] [4] It is well documented that single-walled carbon nanotubes (SWNTs) grow predominantly in bundles forming a 2D triangular lattice with uniform diameter (around 17 Å). 5, 6 SWNT bundles may adopt complex shapes such as tori or coils [7] [8] [9] that have interesting electromagnetic properties. More recently, doubledwalled carbon nanotubes (DWNTs), constituted by two concentric carbon nanotubes, have been produced by different techniques. [10] [11] [12] [13] [14] [15] This structure bridges the gap between the SWNTs and the more complex multiwalled carbon nanotubes (MWNTs) that are made of many layers and offers the possibility to study the effects of interlayer coupling on structural and physical properties of the nanotubes. We report here on the observation of well-crystallized DWNT bundles forming rings. The rings have been observed in a sample containing primarily DWNTs and SWNTs, obtained by reducing Mg 0.9 Co 0.1 O solid solution in H 2 -CH 4 atmosphere 16 (see details below). Our evidence is based on detailed transmission electron microscopy (TEM) and selected area electron diffraction (SAED) analyses and on the interpretation of the electron diffraction (ED) patterns within the kinematic theory of diffraction. 17 The carbon sample was synthesized by reducing Mg 0.9 -Co 0.1 O solid solution in H 2 -CH 4 atmosphere (18 mol % CH 4 , 250 sccm) at 1000°C. The solid solution was prepared by combustion synthesis of a stoichiometric mixture of metal nitrates and urea. The synthesized carbon material was extracted by dissolution of MgO and part of the Co by treatment in HCl aqueous solution (36%, room temperature). The experimental procedure is reported elsewhere. 16 By this production method, 80% of the nanotubes have either one or two walls. We followed the regular procedure for the TEM characterization of carbon structures: a few milligrams of carbon material were dispersed ultrasonically in ethanol and one droplet was put onto a holey-carbon TEM grid and examined in a JEOL 200 CX microscope working at 200 keV. Isolated rings of DWNT bundles have been carefully selected for SAED experiments. The diffraction patterns were recorded with a typical exposure time of 90 s on usual photographic films. Figure 1 shows a low magnification TEM image of a ring of nanotubes, which looks like a perfect torus. Indeed, there is no visible evidence in this image of the beginning or end of the coil. Fringes are clearly observed on the figure, indicating that the ring is composed of a well-organized bundle of nanotubes (it was shown previously that this sample is composed of single-and double-walled carbon nanotubes 16 ). The torus diameter is around 250 nm. We have roughly estimated the concentration of rings to be between 0.01% and 0.1%, similar to the quantity of SWNT ring in the laser ablation material. 7 Figure 2a allows a further characterization as it shows a complete circular structure with two visible separated ends. The extremities are observed as cross section views because the tube axes are nearly perpendicular to the image plane. In this case, the structure is then a coil, not a torus, in agreement with what is known for SWNT rings. 8, 9 The cross sections of both ends of the coil clearly reveal a triangular lattice arrangement of nanotubes that are imaged as two concentric dark circles having a white dot in their center ( Figure 2b) ; this allows to identify them as DWNTs. From this image, we estimate that the coiled bundle is composed of about 120 nanotubes of uniform external diameter. The triangular lattice parameter is estimated from the separation between the centers of the white dots, at about 18.5 Å, slightly larger than the one generally reported for ropes of SWNTs (17 Å). 5, 6 This value indicates that the DWNTs have an external diameter of about 15 Å. However, the determination of the diameter of the tubes from such TEM images is questionable as the exact focus is unknown. The relation between the dark circle dimensions and the diameter of the tubes is only valid for a focus close to the Scherzer focus. Moreover, the ends are not completely lying in the image plane: the absence of high resolution over the total cross section is due to a slight tilt with respect to the incident electron beam; this also induces uncertainties on the measurements. Figure 3a displays a carbon ring that shows a variable sequence of fringe spacings along the circular structure; actually this corresponds to different crystallographic orientations of the bundle with respect to the electron beam. The observed variation of the fringe distance reveals a twist of the bundle around its axis. This feature is commonly observed also for straight SWNT bundles 18, 19 and is related to the formation mechanism of the SWNT rings. 9 The magnification of the (10) lattice fringes ( Figure 3b ) also indicates that the ring is made of DWNTs. Indeed, in the case of SWNT bundles 5, 6, 18, 19 observed perpendicular to the bundle axis, the image consists of a set of periodic alternating dark and white fringes with equal spacing. In the (10) direction where the tubes are superimposed, the interfringe distance gives an approximation of the tube diameter. 19 In Figure 3b , the observed sequence of fringes along the (10) direction cannot be attributed to SWNT bundles, because two different spacings are observed. In the present orientation, the two spacings are directly related to the interlayer distance inside a DWNT (for the smaller one) and to the inner diameter of the DWNT (for the larger one). This TEM evidence points toward the conclusion that the rings are constituted of double-walled carbon nanotubes.
Another strong argument for the double-walled structure of the tubes that constitute the rings is provided by electron diffraction. Despite the small quantity of rings and the entanglement of other nanotube structures in the sample, we have been able to realize selected area electron diffraction (SAED) on isolated DWNT rings. An experimental ED pattern of a ring having its revolution axis nearly parallel to the electron beam (similar to the situation of Figure 3 ) is shown in Figure 4a where it is compared to computer simulations (Figure 4b,c) . The zone selected for the electron diffraction experiment included the complete ring structure.
In the case of a straight bundle, most of the diffracted intensity is concentrated along the equatorial line (EL) perpendicular to the tube axis. The intensity along this line is modulated by the form factor of the nanotubes, and the position of the spots is determined by the Bragg diffraction condition and by the lattice symmetry and lattice parameter of the bundle. In the present case, the ED pattern of the ring presents several lines forming rays around the (000) central beam where Bragg spots generated by the packing of the tubes inside the bundle are clearly visible. This is due to the bundle twist mentioned above. Due to the circular structure of the bundle, the EL rotates continuously around the center of the ring; only the sections of the ring where the triangular lattice of the bundle is in Bragg conditions give diffraction spots along the corresponding EL. This explains why spots are preferentially observed along some radial directions. All together the most intense spots are arranged along curved polygons.
The experimental pattern is characterized by the absence of diffracted intensities in an annular zone around a momentum transfer of about 1 Å -1 (see the double-head arrows in Figure 4a,b) . This feature is not at all reproduced by the simulation performed within a continuum model (see below for further details) for a ring made of SWNTs (Figure 4c ). The experimental pattern is best reproduced by the simulated pattern for a ring composed of crystalline bundles of DWNTs with a lattice parameter of 19.5 Å (Figure 4b ), in agreement with the value estimated by TEM (18.5 Å). The radius of the external tube is taken as 8.1 Å. Performing a systematic comparison between the experimental pattern ( Figure 4) and simulation for the same lattice parameter and external tube radii but various inner tube radii, we obtained reasonable agreement for an interlayer spacing of 3.3 Å ( 0.2 Å, which leads us to an internal tube radius of 4.8 ( 0.2 Å. The rather large uncertainty is due to the difficulty to extract quantitative spot intensities from the experimental pattern. The range of interlayer values is in agreement with that obtained for DWNT bundles synthesized by catalytic decomposition of methane. 13 For larger and isolated DWNTs obtained by arcdischarge, values of 3.9 Å 10 and 3.65 Å 20 have been reported. We will now present more details on the interpretation of the experimental EL using the kinematical theory of diffraction of carbon nanotubes. 17 The diffraction pattern displayed in Figure 4 is restricted to low momentum transfer (k < 2.5 Å -1 ) for which the associated distances (in real space) are much larger than the C-C distance. The individual tubes can therefore be considered as a continuous cylindrical density of carbon for the interpretation of the equatorial line of diffraction. 21, 22 In this approach, the atomic structure of the tube is not described and, consequently, no conclusion on the helicity of the tube can be drawn.
The form factor of a single tube of radius F is given by A(k) ) f(k)FJ 0 (kF), where J 0 is the Bessel function of order 0 and f(k) is the carbon atomic form factor. Figure 5a ,b shows the diffraction intensity |A(k)| 2 of a F ) 8.1 Å and a F ) 4.8 Å SWNT, respectively. If we now turn to a DWNT, the diffracted amplitude will be where F 1 and F 2 are the radii of the inner and outer tubes. The example of the diffracted intensity along the equatorial 
A(k)
line for a (F 1 ) 4.8 Å@F 2 ) 8.1 Å) DWNT (Figure 5c ) demonstrates interference effects between the two terms of eq 1. In particular, destructive interferences appear at a momentum transfer around 1 Å -1 as discussed above. If we now consider a bundle of DWNTs on a triangular lattice, the intensity of the diffraction peaks associated with the Bragg reflection of the NT 2D crystal will be influenced by the form factor of the isolated tube. Figure 6 provides an example of diffraction by a bundle of 31 nanotubes for three different crystal orientations. The dashed line is for a F ) F 2 SWNT bundle and the solid line is for DWNT bundle. The same lattice parameter (19.5 Å -1 ) was taken in both cases. The Bragg diffraction peaks appear at the same positions, and only their intensities are modulated by the (SWNT or DWNT) form factor. The more striking conclusions that we can draw from Figure 6 are as follows. (i) A very low diffracted intensity is observed between 0.75 Å -1 and 1.3 Å -1 for a DWNT bundle compared to a SWNT bundle ( (20), (22) and (21) peaks). This is a consequence of the destructive interferences for momentum transfer in this range.
(ii) The (10) peak has an almost vanishing intensity for DWNT bundles. However, such small momentum transfer is very difficult to analyze experimentally because of the large transmitted beam spot ((000) central spot). If we consider a twisted bundle of nanotubes, the crystallographic orientation varies as we scan along the bundle axis. With Figure 7 , we give a representation of the equatorial lines as a function of the bundle orientation, described by the angle with ) 0, π/6, π/3,...,5π/6 corresponding to the (10) orientation (see inset of Figure 7) . The upper part of the figure is for a bundle of SWNTs and the bottom part for bundle made of DWNTs, all with the same lattice constant and external tube diameter. The 6-fold symmetry of the representation comes from the hexagonal arrangement of the NT bundle crystal. In effect, the positions of the EL spots coincide with the nodes of the triangular reciprocal lattice of the bundle array.
Dealing with a ring of nanotubes, real space imaging showed us that the bundle is also twisted (see Figure 3 ). In the ring structure, the scan over the bundle axis has to be replaced by a scan around the circumference of the ring, characterized by an angle R. For the ring diffraction simulation, for each position along the circumference (angle R), we simulated the diffraction by a small portion of a straight bundle of DWNTs. To reproduce the twist effects, we change the bundle orientation (angle ) for each position along the ring. The diffraction pattern of a ring of nanotube bundles would then be similar to the one of Figure 7 with R ) a , a being the fraction of the scanned circumference corresponding to a complete 2π twist of the bundle along the ring.
If the twist is complete (360°) around the ring circumference, then a ) 1 and we obtain exactly the diffraction patterns of Figure 7 for the ring. However, when we consider a < 1 or a > 1, i.e., the twist length does not match the ring circumference but is larger or smaller respectively, Bragg spots are distributed around polygons with concave or convex curvature, respectively (Figure 8 ). In Figure 4 , the experimental diffraction pattern exhibits a twist of 60°over oneeighth of the ring circumference (8-fold symmetry), which gives a ) 6/8 and leads to the observed concave curvature of the spot locii.
With all these arguments in mind, the reason for the absence of diffracted intensities around 1 Å -1 appears as characteristic of the diffraction by a DWNT bundle forming a ring. The fact that the diffraction spots are well defined and that the high-resolution image shows fringe features are strong evidences that the bundle of DWNTs is well crystallized and does not contain many defects (such as SWNTs among DWNTs). The characteristic absence of the spots around 1 Å -1 also proves that the bundle contains DWNTs with uniform (inner and outer) diameters, otherwise the destructive interference would not be so effective.
In conclusion, we have reported for the first time the observation and complete characterization of double-walled carbon nanotube rings, using transmission electron microscopy and electron diffraction. We have shown that the rings are not tori but coils similar to the single-walled tube rings. The double-walled carbon nanotubes forming the rings have uniform inner and outer diameters and are packed in a triangular arrangement within the bundles. Since DWNTs are more rigid than SWNTs, the cohesion energy that keeps them in a coiled shape should be stronger than SWNT rings, which could improve their structure. This improved stability may be important for the magnetic applications of the rings. Figure 8 . Schematic explanation of the curvature of the spots locii forming the equatorial lines. In (a) a bundle twist angle of 2π occurs over exactly one full turn of the ring. In (b) the 2π twist occurs over less than one turn (6/8 as in Figure 4) , while (c) shows a hypothetical situation for a 2π twist over more than one turn. In (b) and (c), the lattice spots g b' are derived from those of (a) by a length conserving rotation proportional to the azimuthal angle of the spot. g b′ ) R(a -) g b with R(a -) the rotation matrix for the angle (a -1) .
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